Abstract: Many synthetic chemicals are widely used in our daily products and they are in constant contacts with humans through many different routes of exposure. In addition to the toxic environmental pollutants known with diminishing usage, plasticizers, a new class of emerging chemicals, are becoming of human health concerns increasingly. Microbial degradation of plasticizers is generally known, but the toxicity and other effects on human and animals are less well understood, especially in terms of reproductive development and endocrine-disrupting activity. Their major impact to Earth is the large quantities of them used on a daily basis and close contacts with biota of the biosphere. Knowledge of their impact shall be focused more specifically on developmental and endocrine system of animals than mortality in traditional toxicology as an end-point to better assess the threats to the biosphere. New directions on this research topic are presented to advance new knowledge in the future research and development.
Environmental organic pollutants in many different chemical forms through release and exposure can cause many environmental and human health problems (Schwarzenbach et al. 2006) . Synthetic chemicals and polymeric materials are essential parts of our daily life now from high-strength construction materials to disposable packaging of various products to support the convenience of daily life. Human history on Earth has experienced from bronze, iron, and alloys to increasingly plastics and polymeric composite materials now to support the functioning of the society. Plasticizers together with filler, colorant and antimicrobial are indispensable chemical constituents of finishing commercial products, and they are required to allow the high molecular weight polymeric materials to be flexible for processing and molding (Gu, 2003; 2007; 2016b; 2017) . To make any of the polymeric and plastic products, a suitable and selective plasticizer is always required so that the products can be made to the optimal designed requirements for the performance and durability to achieve (Gu et al., 1996; 2011; Kleerebezem et al., 1999; Kurane, 1997) . Since plasticizers are not covalently bound to the polymeric resin, they release out of the products slowly into the ambient environment overt time (Gu and Wang , 2013) . This property also allows results of microbial growth on surfaces of commercial plastics mistakenly taken as evidences of degradation of the plastic resin material incorrectly (Gu, 2016a, b; 2017) .
Plasticizers are detectable in a wide range of environments (Gu and Wang , 2013; Kleerebezem et al., 1999) and human (Wenzel et al., 2018) , which have serious environmental and human health concerns due to the wide occurrence of them and constant contact with human population (Chen et al., 2018; Kurane, 1997) . They are endocrine active chemicals, which have been implicated for reproductive development and impairment through exposure in animals and humans (Corsini et al., 2018; Wenzel et al., 2018; Wong et al., 2017) . Since these plasticizer chemicals are not comparatively speaking highly toxic to organisms in general judged by mortality as the criterion for evaluation, microorganisms in the environments including both bacteria and fungi can transform them relative easily to mineralization products Li and Gu, 2006a, b; 2007; Li et al., 2005a, b; Luo et al., 2012) . The contradiction between durability of the plastic products during service and subsequently quick degradation after disposable is not a simple one to be addressed scientifically or in applications. In addition, commercial plasticizers are widely used at enormous quantities with an increasing trend (Schwarzenbach et al. 2006 ) not only in plastics, but also in beverage for better suspension, and are detectable in human urine (Wenzel et al., 2018) . With this in mind, a critical discussion on this topic of plasticizers is useful to illustrate the major shortcomings from identification of the scientific questions, experimental design, methods and analysis used to interpretation of the results obtained.
Environmental Occurrence
Since plasticizers coexist with plastics, and are detectable in environment and also biota as long as the plastics industries are in operation and manufacturing (Gu, 2017) . All biota are exposed to them and the effects on the receiving organisms can be noticed. It should be pointed out that, strictly speaking, toxicity of them is not so high to individual organisms by mortality assessment, but effects of them on development and reproductive process can be much more pronounced (Chen et al., 2018; Wenzel et al., 2018; Wong et al., 2017) . This is a unique characteristic of this class of environmental pollutants, different from the traditional toxic chemicals leading to mortality. In the degradation process, plasticizers can serve as a good source of carbon and energy source to ubiquitous microorganisms of the biosphere (Gu et al., 1996; 2011; Wang and Gu, 2006a, b; 2008) , resulting in microbial growth, population, and enzyme activities observed, and also changes in functional groups of the chemical from microbial transformation. Commonly used plasticizers of the phthalate ester family are known to be degradable by a wide range of microorganisms, both aerobic and anaerobic (Cheung et al., 2007; Wang and Gu, 2006a; Gu and Wang , 2013; Xu et al., 2005 Xu et al., , 2006 . Degradation of them can be achieved with microorganisms in mixed cultures or purified culture from activated sludge, mangrove, wetland and non-polluted deepocean sediments (Gu and Wang , 2013; Li and Gu, 2006a; 2007; ?; ?; Xu et al., 2005 Xu et al., , 2006 . It should be mentioned here that the initial hydrolysis of ester bonds from phthalate diester to produce phthalate monoester and then phthalate in reaction sequence, but phthalate monoester is more toxic than the parent compound or the further degraded one, phthalate. Because of this, it is not only the parent compound phthalate diesters, but also phthalate monoesters, which are more toxic to biota than the corresponding parent one, shall be given adequate attention.
Degradability of Plasticizers
Plasticizers have a common structure of the aromatic moiety with dicarboxylic function groups onto the aromatic ring structure. Since both carboxylic groups can be esterified at the hydroxyl positions through substitution by alkane or aromatic side chain of common or different ones, there is a large collection of plasticizers for specific application in combination with the plastic resin and also application conditions (Kleerebezem et al., 1999; Kurane, 1997) . In any scientific investigations on the degradation of organic chemicals, the chemistry of the plasticizer is both fundamental and very important, including solubility in water and physical stability under ambient conditions of investigation (Gu, 2003; 2007; 2016a, b; 2017) . Many studies used overwhelmingly high concentrations of these chemicals in incubation investigations of aqueous or soils, the concentrations reported then are invalid and questionable. On the other hand, target chemical shall be the sole source of carbon and energy source in the cultural medium to link the degradation of the selective chemical with the growth of the microorganisms involved and implicated (Gu, 2016b) . If exogenous sources of carbon or nutrients are added, the observed degradation is due to co-metabolism than specific transformation by the microorganisms involved. This approach does not allow further detailed in-depth investigation of the mechanisms and enzymes/genes involved. During the incubation in liquid medium, both decrease of the substrate chemical and the accumulation of biomass shall be shown simultaneously to allow establishment of biotransformation and biodegradation to be supported in the study (Gu, 2017) . When dealing with soil or complex matrix, it is extremely important to assess the availability of the chemicals as effective concentration or activity from the conventional concentration by solvent extraction and chemical analysis to include the ageing effects in evaluating the fate of a chemical (Gu, 2016a) . Since soil is a highly heterogenous system, validation of biodegradation shall take into account of sorption and sequestration to better understand the contribution comprehensively by microorganisms and the extent of the degradation of a selective chemical in available form by biological processes involved from abiotic transformation or stabilization. Many researchers pay very little or no attention at all to these issues before the degradability of a chemical is claimed for utilization as the sole source of carbon and energy by microorganisms. Another largely neglected factor in soils or geological systems is the physical state of water and its availability, and biologically meaningful fraction of water is variable and different between different soils and geological materials. A better basic understanding of the lithosphere is crucial and vital to a scientific sound research to many investigators in this field. When chemical and degradation intermediates are quantified, mineralization cannot be warranted without significant biomass increase as a good indicator for substantial utilization of the substrate organic carbon to support the claim (Gu, 2016b) . A very necessary step for this is to conduct a mass balance calculation to account for the total C in the starting chemicals to the products, hopefully mineralized ones to draw a conclusive statement with strong scientific supports.
Toxicity and Endocrine-disrupting Activity
Environmental toxicity of chemicals is assessed for a wide range of environmental pollutants, especially pesticides/herbicides and persistent organic pollutants (Schwarzenbach et al. 2006 ). Plasticizers are not as lethal as these traditional toxic chemicals, and the toxicity of the former shall be evaluated accordingly by a different set of tests and criteria than the traditional mortality as an end point. This is critically important because different chemicals with variable effects shall be investigated to the relevance of their prominent effects than a fixed set of measurements, e.g., mortality as an example. For the plasticizers diesters of phthalates, the phthalate monoesters are more toxic than the corresponding parent phthalate diesters, but the monoesters are important degradation intermediates before the formation of phthalate prior to mineralization to mineralized products. Toxicity of phthalate monoesters is also higher than their parent diesters. Phthalate monoesters are all more soluble than their corresponding diesters in water, posing a much greater threat to biota. This issue on understanding of the chemistry of the chemical involved and then choice of the appropriate methods has not been addressed adequately and more attention shall be paid to similar issues to advance the research in this area and collect meaningful results on this topic.
Biodegradation of phthalate esters is initiated generally with hydrolysis reaction to cleavage of the ester bonds to form the common phthalic acid as reported before (Gu and Wang , 2013; Kurane, 1997; Xu et al., 2005 Xu et al., , 2006 . The hydrolysis of the ester bonds may be achieved by a single species of bacteria or specific cooperation of two different genus or species of bacteria to complete the degradation process (Li and Gu, 2006a, b; 2007; Li et al., 2005a, b) . Degradation can take place under aerobic or anaerobic conditions with different microbial communities involved to mineralize the plasticizer. The biochemical transformation steps involved for any selective plasticizer to the mineralization products involve a series of intermediate biochemical reaction steps before the complete degradation of the chemical is achieved (Gu and Wang , 2013) . Based on this information, degradation of them should be focused on mineralization to minimize any negative impacts from the degradation intermediates to the biota and environmental quality.
Future Perspectives
The first issue on this research topic is that the plasticizers under investigation must be the sole sources of carbon and energy for microorganisms under conditions of investigation. Because complex cultural medium contains some or all of the followings: glucose, yeast extract, and/or nutrient broth to support the growth of a wide array of microorganisms, the biomass is supported by the availability of these nutrients and then transformation or degradation of the chemicals observed. As a result, the fundamental requirement in practice is to use defined mineral medium to allow a conclusions on degradation by microorganisms using the candidate chemical as the sole source of carbon and energy (Gu, 2017; Gu and Wang , 2013; Yip and Gu, 2016) . This requirement can be fulfilled by enrichment culturing process when complex samples are used as inoculum, e.g., soils and sludge. Secondly, the physical and chemical limitations of the chemical must be considered so that the concentration used in the test must be below the maximum solubility in aqueous solution of culture medium. When test is monitored for substrate depletion over incubation time with inoculation of microorganisms, biomass shall be also assessed at the same time to collectively draw a conclusion based on a comprehensive set of data (Gu, 2016b; 2017) . Thirdly, efforts shall be made on isolation and identification of the microorganisms if pure culture of them is not used. In addition, identification of the degradation intermediates, and also the genes and/or proteins involved shall be made to confirm the degradation on a different dimension in addition to simply chemical concentration alone.
Furthermore, an abiotic control is always a must in parallel to the biologically active treatments to confirm the degradation process by microorganisms to eliminate any biases from chemical transformation, e.g., hydrolysis (Gu 2017; Gu and Wang , 2013) . Many available reports do not provide an additional essential control, which is killed or sterilized inoculum to account for any effects from denatured proteins of the inoculum cells on the chemical in culture medium during the entirety of incubation. With a full consideration of these above, the experimental set up can obtain stronger convincing evidences on degradability of chemical by a pure culture or a stable consortium of microorganisms under laboratory conditions.
In conclusion, degradability of plasticizers is experimentally easy in set up, but the confirmation on degradation of them is not so easy to achieve for convincingly presentation of the results by microorganisms. Based on current available scientific information, degradation tests must follow the necessary guidelines and requirements so that the data generated are sound and valid without any doubts. With a full knowledge of the current available methodology and pitfalls, future research in planning on this topic can avoid these shortfalls to gain in-depth research advances through scientific investigations.
